Our aim was to examine whether circulating oxidized low-density lipoprotein (oxLDL) is a predictor of coronary heart disease (CHD) independent of lipid markers and to compare oxLDL, apolipoprotein B100 (apoB), and total cholesterol (TC)/high-density lipoproteincholesterol (HDL-C) ratio as predictors of CHD. BACKGROUND Measurement of circulating oxLDL with antibody 4E6, has been widely used in many studies; however, few large prospective studies have examined whether this marker is a predictor of CHD independent of lipids and compared oxLDL with other important lipid predictors.
Oxidative stress and oxidized low-density lipoprotein (oxLDL) have been proposed to play an important role in the development of atherosclerosis (1, 2) . The oxLDL is present in atherosclerotic lesions from humans (3, 4) and animals (5); however, the importance of circulating oxLDL as a predictor of subsequent clinical coronary events has not been confirmed.
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Reliable markers of oxLDL for epidemiologic studies are limited. Biopsy samples from atherosclerotic lesions for measuring oxLDL are difficult to obtain and commonly used in vitro measurements of oxLDL (6, 7) are time consuming and not practical for large studies with stored samples. Recently, direct measurement of circulating oxLDL in plasma by either an in-house enzyme-linked immunosorbent assay (ELISA) or a commercial ELISA kit provided by Mercodia (Winston-Salem, North Carolina) with the monoclonal antibody 4E6 have been used in many case-control, crosssectional (8 -17) and some prospective studies (18 -21) . These studies suggest that oxLDL is positively associated with coronary heart disease (CHD) and related risk factors. However, large prospective studies including men and women designed to evaluate this marker as an independent predictor of CHD are lacking.
Measurement of LDL-cholesterol (LDL-C), high-density lipoprotein-cholesterol (HDL-C), and triglycerides are traditionally recommended lipid screening tests for CHD; therefore, it is important to examine whether oxLDL can predict CHD independent of these lipid markers. Several prospective studies have suggested that apolipoprotein B100 (apoB), a marker of the number of pro-atherogenic particles (22, 23) , was the strongest predictor of CHD. Because the antibody 4E6 is specific for oxidized apoB (8) , it is important to determine whether this marker of oxidation is independent of and adds prognostic information beyond apoB itself. None of the previous studies using the same antibody has evaluated this issue. Furthermore, several studies do suggest that total cholesterol (TC)/HDL-C ratio, a major lipid index, is better than TC, LDL-C, HDL-C, or triglycerides alone; it is easily obtained and one of the most powerful important risk factors for CHD (24, 25) . Therefore, we also compared oxLDL and TC/ HDL-C ratio.
METHODS

Study population and collection of blood samples. HPFS (HEALTH PROFESSIONALS FOLLOW-UP STUDY).
The HPFS is a prospective cohort study of diet, CHD, and cancer conducted among 51,529 U.S. male health professionals who were 40 to 75 years old at baseline in 1986. Health information, including reports of diagnosed heart disease, was obtained at baseline and assessed biennially by follow-up questionnaires. In 1993 and 1994 we sent venipuncture kits to participants, and 18,140 men returned specimens on ice with an overnight courier. Multiple aliquots of plasma were stored in liquid nitrogen freezers for future nested case-control analyses. The men who returned blood samples were not substantially different from the remaining men in the cohort except that the prevalence of current smoking was slightly lower among those who returned blood samples. We identified 16,453 men who were free of cardiovascular diseases and cancer for future nested case-control studies.
THE NURSES' HEALTH STUDY I. The Nurses' Health Study I cohort, established in 1976, consists of 121,700 female registered nurses 30 to 55 years of age who provided information on medical history and lifestyle factors at baseline and on subsequent biennial questionnaires. In 1989 and 1990, we collected blood samples from 32,826 cohort members who were then 43 to 69 years of age. Whole blood was shipped, processed, and stored by the methods described previously. The women who returned blood samples were not substantially different from the remaining women in the cohort. We identified 28,601 women among those who returned samples who were free of cardiovascular disease and cancer for our nested case-control study. The study was approved by the institutional review board of Brigham and Women's Hospital, Boston. Ascertainment of cases and selection of control subjects. The assessment of nonfatal myocardial infarction (MI) and fatal CHD and selection of control subjects are described in detail elsewhere (26, 27) . Briefly, when an MI was reported on a biennial follow-up questionnaire, we sought permission to review medical records. For confirmation of cases of MI, we used World Health Organization criteria, which require symptoms plus either diagnostic electrocardiographic changes or elevated cardiac enzymes. The MIs of undetermined date were not included in this analysis.
The end point for this study comprised incident cases of nonfatal MI and fatal CHD that occurred before February 2000 for men and before June 1998 for women. We confirmed 266 cases in men and 235 cases in women among the "at risk" participants. Each case was matched by year of age, month of blood draw, and smoking status (never, past, current) to 2 control subjects who were free of CHD at the time of the case diagnosis. All women were also matched for fasting status (lower/higher than 8 h) before blood draw. All assays were conducted without knowledge of the case/control status. Matched case-control triplets were handled identically and together and assayed in the same analytical run. Assessment of medical history, lifestyle, and dietary factors. Questions related to disease and lifestyle factors were sent out every 2 years, and a semiquantitative food frequency questionnaire was sent out every 4 years. For nutrients and other lifestyle characteristics, such as body mass index (BMI) and physical activity, we used the information from the time when subjects' blood was collected (1994 for men and 1990 for women). The validity and reproducibility of self-reported lifestyle characteristics and semiquantitative food frequency questionnaire have been previously reported (28 -32) . Measurement of oxLDL, apoB, other lipids, and inflammatory markers. The oxLDL was measured by a sandwich ELISA kit with the monoclonal antibody 4E6 (Mercodia). The antibody 4E6 is especially against an epitope in the apoB-100 moiety of oxLDL that is formed from substitution of lysine residues of apoB-100 with aldehydes (18) . The coefficient variations of the intra-and inter-assay for measurement of oxLDL were Ͻ8%. Total apoB was measured by an immunoturbidimetric technique on the Hitachi 911 analyzer (Roche Diagnostics, Indianapolis, Indiana). Total cholesterol, HDL-C, LDL-C, and triglycerides were measured by standard method with reagent from Roche Diagnostics and Genzyme (Cambridge, Massachusetts). Soluble tumor necrosis factor (TNF)-alpha receptors types 1 and 2 (sTNF-R1 and sTNF-R2) and C-reactive protein was measured by latex-enhanced immunoturbidimetric assay from Denka Seiken (Tokyo, Japan) on the Hitachi 911 system. Interleukin-6 was measured by ELISA (R&D
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ApoB ϭ apolipoprotein B100 CHD ϭ coronary heart disease CI ϭ confidence interval ELISA ϭ enzyme-linked immunosorbent assay HDL-C ϭ high-density lipoprotein-cholesterol LRT ϭ likelihood ratio test MI ϭ myocardial infarction oxLDL ϭ oxidized low-density lipoprotein OR ϭ odds ratio RR ϭ relative risk TC ϭ total cholesterol Systems, Minneapolis, Minnesota). The coefficient variations for apoB, other lipids, and inflammatory markers were Ͻ4% to 9%. The laboratory used for analysis is certified by the Centers for Disease Control and Prevention/National Heart, Lung, and Blood Institute Lipid Standardization Program. Stability of oxLDL in whole blood stored on ice up to 36 h. As described earlier, participants sent whole blood shipped on ice via overnight courier from across the country.
To assess the stability of oxLDL, we conducted a pilot study that mimicked these conditions and found that there was no degradation or increase in the measurement of oxLDL when assessed at baseline, 24 h, and 36 h after whole blood remained on ice (33) . Statistical analysis. BASELINE CHARACTERISTICS. For baseline variables, we calculated means, medians, or proportions for cases and control subjects. We assessed statistical significance by chi-square tests for categorical variables. We used Wilcoxon signed-rank tests for non-normally distributed variables and 2 sample t tests for normally distributed variables and the age-adjusted, partial Spearman rankcorrelation coefficient to assess the associations between oxLDL and other variables.
ASSOCIATION OF oxLDL WITH RISK OF CHD.
We categorized participants into quintiles according to the distribution of plasma levels of oxLDL in the control participants. We used conditional logistic regression analyses with and without adjustment for traditional cardiovascular risk factors, including family history of MI, alcohol intake, BMI, physical activity, and history of hypertension or high cholesterol. Tests for trends were performed by entering a single continuous variable assigned as the median value for each quintile.
COMPARISON OF oxLDL WITH apoB AND OTHER LIPIDS.
To examine whether oxLDL captures information beyond apoB or TC/HDL-C ratio, we compared the full model that included oxLDL and either apoB or TC/HDL-C ratio to the reduced model without oxLDL with a likelihood ratio test with 4 df. Oxidized LDL and other lipid markers (apoB and TC/HDL-C ratio) were included as quintiles with 4 dummy variables. With a similar approach, we examined whether apoB or TC/HDL-C ratio adds additional information beyond oxLDL. To pool the relative risk (RR) estimates for men and women, we used the weighted average of estimates with the DerSimonian and Laird random effects model (34) . Because of the linear relationship of the oxLDL, apoB, and TC/HDL-C with risk of CHD, to reduce residual confounding, we also fit the aforementioned models with oxLDL, apoB, and TC/HDL-C ratio as continuous, linear variables.
RESULTS
Baseline characteristics. We compared characteristics at blood draw between cases and control subjects ( Table 1) .
Levels of oxLDL at baseline were significantly higher among cases than control subjects and also significantly correlated with all lipid parameters. The correlation between oxLDL and apoB was 0.59 in men and 0.44 in women; for TC/HDL-C ratio, the correlations were 0.40 in men and 0.65 in women ( Table 2 ). The oxLDL was modestly correlated with inflammatory markers in women but not in men. Association of oxLDL with risk of CHD and comparison of oxLDL with apoB and TC/HDL-C ratio. As compared with the lowest quintile, the highest quintile of oxLDL was significantly associated with an increased risk of CHD in both crude and multivariate-adjusted models (Table 3) for both men and women. However, the RRs were substantially attenuated and no longer significant after adjustment for LDL-C, HDL-C, and triglycerides.
When oxLDL and apoB were adjusted simultaneously, oxLDL was no longer predictive; whereas the association of apoB with CHD risk remained significant after adjustment for oxLDL. The multivariate RR between extreme quintiles for oxLDL was 1.31 (95% confidence interval [CI] 0.67 to 2.57) in men and 1.75 (95% CI 0.77 to 4.01) in women after adjustment of apoB. As shown in Table 4 , in both men and women, the results of the likelihood ratio test (LRT) suggested that the full model with oxLDL and apoB was significantly or marginally significantly different from the model without apoB (with only oxLDL) (p LRT ϭ 0.004 for men and p LRT ϭ 0.06 for women). However, the full model was not significantly different from the model without oxLDL (with only apoB) in men (p LRT ϭ 0.5) or women (p LRT ϭ 1.0). These results indicate that apoB added information beyond oxLDL, whereas oxLDL had little predictive capacity beyond apoB in either men or women.
To directly compare oxLDL with apoB, we also entered both oxLDL and apoB in the multivariate model simultaneously as continuous variables. In men, the odds ratio (OR)/1 SD increase was 1.05 (95% CI 0.85 to 1.30; p ϭ 0.7) for oxLDL and 1.66 (95% CI 1.33 to 2.09; p Ͻ 0.0001) for apoB. In women, the OR/1 SD increase was 1.04 (95% CI 0.77 to 1.40; p ϭ 0.8) for oxLDL and 1.73 (95% CI 1.25 to 2.41; p Ͻ 0.0001) for apoB. Again, this suggested that apoB was a stronger predictor than oxLDL.
We performed similar analyses to compare oxLDL versus TC/HDL-C ratio and found similar patterns. The risk of oxLDL between extreme quintiles after adjustment for TC/HDL-C ratio was reduced to 1.70 (95% CI 0.93 to 3.13) in men and 1.17 (95% CI 0.51 to 2.68) in women (Tables 3 and 4) . However, the RR of TC/HDL-C ratio between extreme quintiles was 2.82 (95% CI 1.48 to 5.38) in men and 4.30 (95% CI 1.76 to 10.52) in women after adjustment for oxLDL (Table 4) . With the likelihood ratio test, we also found that oxLDL did not add any information beyond TC/HDL-C ratio, but TC/HDL-C ratio added significant information beyond oxLDL (Table 4) .
Similarly, we entered oxLDL and TC/HDL-C ratio as continuous variables simultaneously in the model and found similar results. In men, the OR/1 SD increase was 1.25 (95% CI 1.04 to 1.50; p ϭ 0.02) for oxLDL and 1.44 (95% CI 1.19 to 1.75; p ϭ 0.0002) for TC/HDL-C ratio. In women, the OR/1 SD increase was 1.16 (95% CI 0.85 to 1.47; p ϭ 0.4) for oxLDL and 1.36 (95% CI 1.13 to 1.62; p ϭ 0.0009) for TC/HDL-C ratio.
In both men and women, additional adjustment for inflammatory markers in multivariate models did not appreciably alter the RRs for oxLDL.
When we combined the results for the men and women with a random effects model, the RR for oxLDL was marginally significant in the multivariate analysis after adjustment for apoB or TC/HDL-C ratio. The RR for the highest versus the lowest quintile was 1.47 (95% CI 0.87 to 2.48), p for trend ϭ 0.06 after adjustment for apoB; and the RR was 1.49 (95% CI 0.71 to 2.07), p for trend ϭ 0.02 after adjustment for TC/HDL-C ratio.
DISCUSSION
We found that the measurement of circulating oxLDL with the 4E6 antibody, the most widely used antibody for this assay, predicted the risk of CHD in a large prospective setting including men and women. However, this association was not independent of standard lipid variables. Most importantly, this association was not independent of two powerful predictors, apoB and TC/HDL-C ratio. Conversely, apoB or the TC/HDL-C ratio predicted CHD independent of oxLDL. Even in the pooled analysis, the independent association between oxLDL and CHD was weak after accounting for lipid variables. These comparisons were not done in previous studies using the same antibody via ELISA.
The strong positive association found in multivariate analyses for oxLDL predicting CHD without adjustment for lipid markers was similar to that from several previous studies that have used antibody 4E6 via either the in-house ELISA or the commercially available ELISA kit provided by Mercodia. In several case-control and cross-sectional studies, oxLDL was associated with CHD (9) or stable CHD (17), higher CHD risk on the basis of the Framingham score (12) , metabolic syndrome and a greater disposition to atherothrombotic coronary disease (13) , glucose tolerance (15), or greater intima thickness and presence of plaque (14) . At least 3 cohort studies and 1 nested-case control study, which used antibody 4E6, have found that oxLDL was associated with number and the size of plaques (20), with MI cases among men (19) , with cardio- transplanted vasculopathy in men and women (18) , and acute CHD events in men (21) . However, many of these studies were small and lacked the power to control for all potential confounders and, especially, did not finely adjust for lipid markers. Most importantly, none of them determined whether oxLDL was independent of apoB, and only 1 study (21) adjusted for TC/HDL-C ratio, but their analysis included only men and adjusted for physical activity and obesity only as dichotomized variables, leaving the possibility of residual confounding. Inflammatory processes produce oxidative products. However, oxLDL can also induce production of monocyte chemotactic protein-1 and monocyte-colony stimulating factor and lead to inflammatory response in vascular cells (35) (36) (37) . Inflammation, reflected by circulating inflammatory markers such as C-reactive protein, are associated with incidence of CHD in large prospective studies (27, 38) . However, on the basis of our data, the association for oxLDL is not explained by inflammation, because the risk of oxLDL did not change after adjustment of any inflammatory markers.
The oxLDL is thought to be a mixture of heterogeneously modified particles. Many components in LDL can be oxidized, including apoB, phospholipids, LDLcholesterol, and unsaturated fatty acids. Therefore, several antibodies against different epitopes on LDL have been generated, including the most widely used antibody 4E6 against oxidized apoB (as used in this report), antibody FOH1a/DLH3 (39), and antibody E06 (40,41) against oxidized phospholipids. Circulating oxLDL measured via the antibodies, FOH1a/DLH3, or E06 was not associated with apoB (40 -42) , and oxLDL measured via the antibody E06 was found to be significantly associated with lipoprotein(a) (Lp[a] ) (41) . However, we and several others (14 - Wu et al. September 5, 2006:973-9 Circulating oxLDL and Risk of CHD 17) found that oxLDL measured via the antibody 4E6 is significantly associated with apoB but not with Lp(a). These data do highlight the importance of antibody selection, because different antibodies might reflect different components of oxLDL. Two cross-sectional studies (41, 42) , with the antibody FOH1a/DLH3 and the antibody E06 to detect oxLDL, found that oxLDL was significantly associated with CHD after adjustment for apoB. Because there is 1 apoB particle/ LDL particle, it is important to adjust apoB even if antibodies FOH1a/DLH3 and E06 are not specifically against apoB. These two studies indirectly support our contention that antibodies other than the most widely used antibody 4E6 could be alternative choices. Alternatively, a combination of antibodies should be evaluated simultaneously in future prospective studies.
We think our data have clinical implications for several reasons. Our study is the largest prospective study including men and women, and we compared oxLDL with other lipid markers after finely controlling multiple CHD risk factors. Given that so many studies that had used this 4E6 antibody found a strong relationship between this marker and CHD without finely controlling lipid variables in their analyses, our results for the first time raise the questions of whether we should add additional costs to measure oxLDL with this antibody for screening and to justify the potential improvement in risk prediction over the currently available lipid risk factors. Total cholesterol and HDL-C are standard lipid measures, and TC/HDL-C ratio can be directly calculated at no incremental cost beyond usual lipid evaluation. Measurement of apoB is also easier and less expensive than measurement of oxLDL via ELISA with this 4E6 antibody. Both TC/HDL-C ratio and apoB are more powerful predictors of CHD than oxLDL. Taken together, measurement of oxLDL via ELISA with different antibodies should be further evaluated before this marker is applied in clinical practice.
Our study has several strengths and limitations. We had a large sample size, included both men and women, and we accounted for several well-measured confounders in our analyses, including multiple markers of lipids and inflammation. Additionally, we collected plasma samples before the diagnosis of disease, which should reduce the impact of CHD on level of oxLDL at baseline. However, other antibodies for measuring oxLDL were not available from these studies at the time of this analysis. We recognize that the risk of CHD in our cohorts might be lower than in other populations. However, major cohort studies, such as the Framingham Heart Study, have also not relied on national samples. The advantages of our cohorts are that our participants had a high level of education and can provide high-quality and valid information on self-administrated forms. Data validity is the chief prerequisite for generalizing results. The range of lifestyle and biochemical variables in our cohorts is quite broad. In previous analyses we observed that the associations for CHD and other diseases are very similar to those found in other broad-based U.S. populations.
In conclusion, we found that circulating oxLDL, measured by the most widely used antibody 4E6, can predict the risk of CHD but not independent of the two strongest risk factors, apoB and TC/HDL-C ratio, or other conventional lipid markers, including LDL-C, HDL-C, and triglycerides. Apolipoprotein B100 and TC/ HDL-C ratio are more predictive in development of CHD than oxLDL. Measurement of oxLDL with multiple antibodies is needed in future large-scale, prospective studies to address the long-desired question of whether oxLDL is an independent risk factor of CHD.
